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Edited by Felix WielandAbstract mRNA localisation, as a mechanism for directing
localised protein synthesis, plays a vital role in the functioning
of certain cells, such as neurons and oocytes. Potentially this
mechanism may also occur in polarised intestinal epithelial cells.
Here we show that Staufen155, a protein involved in mRNA
localisation and transport, is asymmetrically distributed in diﬀer-
entiated Caco-2 intestinal epithelial cells and partly co-localised
with calnexin, a marker of the endoplasmic reticulum. The local-
isation to the apical region of the cell indicates that Staufen may
be involved in localisation of transcripts to this domain.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The localisation of mRNA, by promoting the synthesis of
proteins in the areas of the cell where they are needed, can
potentially contribute to cell functions that require the asym-
metric distribution of proteins [1–3]. Such local synthesis of
proteins is more energy eﬃcient than transporting the proteins
once they have been translated, can produce high concentra-
tions of a protein in a certain area or can result in the exclusion
of proteins from areas where they could be harmful. mRNA
localisation has been shown to be important in the production
of asymmetric protein distribution in a limited number of
polarised cells such as neurons and oocytes [1–3]. Other polar-
ised cells, such as epithelial cells that form tight junctions be-
tween the cells and form apical and basolateral domains,
may also use this mechanism. Indeed, there is limited evidence
that certain mRNAs are localised to speciﬁc regions within the
polarised epithelium, and this is correlated with the ﬁnal distri-
bution of the encoded protein [4–7].
mRNA localisation mostly occurs by active transport of the
transcript [1–3] via a mechanism involving cis-acting elements
within the 3 0 untranslated region (3 0UTR) of the mRNA [8],
various trans-acting proteins that bind to this region, and
transport along, and anchoring to, the cytoskeleton [1,9,10].
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doi:10.1016/j.febslet.2005.02.074nal cells, mRNAs are transported in ribonucleoprotein com-
plexes or RNA granules [11–13]. The RNA-binding protein
Staufen is a component of RNA transport granules and was
identiﬁed as a key factor in RNA transport in Drosophila:
mutations in Staufen cause abnormalities in mRNA localisa-
tion [14]. Staufen is involved in the localisation of various dif-
ferent mRNA transcripts, in diﬀerent cells, and to diﬀerent
locations [15]. For example, it is involved in localisation of bi-
coid and oskar transcripts to diﬀerent poles in the Drosophila
oocyte [13,14] as well as localising transcripts in neurons
[15,16]. Thus, Staufen may have a general role in mRNA local-
isation rather than directing mRNAs to speciﬁc destinations.
This is supported by the ﬁnding that Staufen binds strongly
to dsRNA but not to speciﬁc RNA localisation signals [17].
Recently, isoforms of two mammalian homologues of Staufen
(Staufen1 and Staufen2) have been identiﬁed [15,17–19] and in
neurones they both appear to be present in transported RNA
complexes [16,20]. Staufen2 is almost exclusively found in the
brain whereas Staufen1 has been found to be present in a wide
variety of diﬀerent cells and tissues including gastric epithelial
progenitors [21].
The aim of the present work was to investigate the distribu-
tion of Staufen1 in the polarised intestinal epithelial cell. Our
approach was to use immunocytochemistry and confocal
microscopy in Caco-2 cells as they adopt a polarised morphol-
ogy typical of the enterocyte. The data indicate that Staufen1 is
concentrated in the apical region of polarised cells, consistent
with a polarised distribution of mRNA localisation machinery.2. Materials and methods
2.1. Cell culture
Caco-2 cells and SHSY5Y neuroblastoma cells were grown in
DMEM (Gibco) containing 10% FCS and penicillin streptomycin
and incubated at 37 C in an atmosphere containing 5% CO2. For
immunocytochemistry of the undiﬀerentiated Caco-2 cells, cells were
seeded at a density of 1 · 104 cells/well in an 8-well slide and cultured
for 3 days until 40–50% conﬂuent. Diﬀerentiation of the Caco-2 cells
was achieved by seeding the cells (5 · 105 cells/insert) on tissue culture
inserts (Corning) and culturing for 2–5 weeks. Medium was changed
(top and bottom) every 2–3 days, and the formation of functional epi-
thelial layers was monitored by the development of transepithelial elec-
trical resistance (RT). Cells were used when the resistance exceeded
200 X cm2.
2.2. Immunocytochemistry
The speciﬁc rabbit anti-Staufen antibody was raised against recom-
binant mouse Staufen1 (domains 2–4) and was used at a dilution of
1:200. Mouse anti-Na+ K+ ATPase and mouse anti-calnexin wereblished by Elsevier B.V. All rights reserved.
Fig. 1. Expression of Staufen in undiﬀerentiated Caco-2 cells. (A) and
(B) show immunocytochemistry of cells stained with anti-Staufen
antibody and FITC-linked goat anti rabbit IgG (green colour). Red
colour shows propidium iodide staining of the nucleus. (A) shows the
distribution of staining with anti-Staufen antibody visualised by
standard ﬂuorescence microscopy and (B) shows a representative xz
section taken on a confocal microscope. The granular staining pattern
shows Staufen to be concentrated around the nucleus but to be present
throughout the cell. (C) shows results of a Western blot with anti-
Staufen antibody and cell extracts from undiﬀerentiated (1) and
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respectively. The secondary antibodies, goat anti-rabbit–FITC and
goat anti-mouse–FITC were obtained from Sigma. Goat anti-rabbit–
rhodamine was purchased from Calbiochem. These were used at dilu-
tions of 1:400, 1:200 and 1:100, respectively.
Non-diﬀerentiated Caco-2 cells cultured on 8-well slides were
washed three times with PBS, ﬁxed in 2% paraformaldehyde in PBS
at room temperature for 20 min, and permeabilised by treatment with
0.05% Triton, 1% paraformaldehyde in PBS for 10 min at room tem-
perature. When cells were grown on inserts, they were ﬁxed and per-
meabilised in 100% methanol for 5 min. Subsequently, cells were
washed 3–4 times in PBS, blocked with 10% goat serum for 30 min,
washed twice in PBS and incubated overnight at 4 C with the appro-
priate primary antibody diluted in PBS. After washing the cells were
incubated with the appropriate secondary antibody for 2 h at room
temperature, washed to remove unbound antibody and mounted in
Citiﬂuor. For experiments involving double staining the primary anti-
bodies were added sequentially. For additional nuclear staining cells
were stained with propidium iodide for 5 min prior to mounting.
Staining was visualised using either an Olympus BX51 ﬂuorescence
microscope or a Leica TCS SP2UV scanning laser confocal micro-
scope. Image analysis was carried out using Analysis (SIS, UK) or
Leica confocal software.
2.3. Western blotting
Cells were lysed in suspension buﬀer (100 mM NaCl, 10 mM Tris–
HCl, pH 7.6, 1 mM EDTA, 1 lg/ml aprotinin, and 100 lg/ml phenyl-
methylsulfonyl ﬂuoride). Samples were boiled for 10 min in sample
buﬀer (0.225 M Tris HCl, pH 6.8, 50% glycerol, 5% SDS, 0.05% bro-
mophenol blue, and 0.25 M dithiothreitol) and centrifuged at 7200 · g
at room temperature for 10 min. The supernatant ﬂuid was recovered,
the proteins separated by SDS–PAGE and transferred to a polyvinyl-
idene diﬂuoride (PVDF) membrane (Roche). The membrane was
blocked overnight at 4 in TBS containing 1% (w/v) POD blocking re-
agent (Roche), and incubated for 1 h at room temperature with the
anti-Staufen primary antibody diluted 1:10000 in TBS containing
0.5% (w/v) POD blocking reagent (Roche). The membrane was washed
with PBS containing 0.1% Tween 20 before the addition of the goat
anti-rabbit peroxidase secondary antibody diluted 1:5000 in TBS con-
taining 0.5% (w/v) POD blocking reagent (Roche). After washing the
membrane was visualised using an enhanced chemiluminescence kit
(ECL, Amersham Biosciences).diﬀerentiated (2) Caco-2 cells and from SHSY5Y neuroblastoma cells
(3). After chemiluminescent detection a single band was detected
corresponding to an approximate molecular mass of 55 kDa whilst two
bands of approximate molecular mass 55 and 62 kDa were detected in
neuroblastoma cell extracts.3. Results
3.1. Staufen protein expression and distribution in Caco-2 cells
Western blot analysis of Caco-2 cell protein extracts was
performed using an antibody raised to domain 2–4 of the re-
combinant mouse Staufen1 protein. The detection of a single
band of 55 kDa, corresponding to the size of Staufen155 iso-
form, showed that Staufen155 is expressed in both undiﬀeren-
tiated and polarised, diﬀerentiated Caco-2 cells (Fig. 1C). In
contrast, the antibody detected two Staufen isoforms in ex-
tracts from SHSY5Y neuroblastoma cells, one corresponding
to the Staufen155 detected in Caco-2 cells and a second of
approximately 62 kDa. The expression of this larger isoform
in neuroblastoma cells is compatible with it being Staufen2
which has been reported to be found almost exclusively in
brain [17–19]. These data suggest that the antibody has aﬃnity
for both Staufen1 and 2 but that only Staufen155 is present in
Caco-2 cells.
Undiﬀerentiated Caco-2 cells were subjected to immunocy-
tochemistry using the same antibody. Fluorescence microscopy
showed the majority of the staining to be cytoplasmic with a
granular, punctate appearance (Fig. 1A) and a concentration
of Staufen around the nucleus but with staining throughout
the cytoplasm. Confocal images of the undiﬀerentiated cells(Fig. 1B) showed the cells to have a ﬂattened morphology, with
Staufen being distributed throughout the cytoplasm.
3.2. Staufen distribution in diﬀerentiated Caco-2 cells
The pattern of Staufen staining in the diﬀerentiated Caco-2
cells was again indicative of granules. However, the confocal
microscope images of these cells, taken in a xy series going
through the cell from the apical surface to the basal mem-
brane, showed a distinct pattern of antibody localisation. Sig-
niﬁcant antibody staining was observed in the apical sections
(Fig. 2A), reduced staining in sections surrounding the nucleus
(Fig. 2B), and little or no staining in the basal sections (Fig.
2C). An image of the xz axis of these cells conﬁrmed this stain-
ing pattern, with higher concentrations of Staufen protein lo-
cated apically in the diﬀerentiated Caco-2 cells (Fig. 2E).
This apical pattern of Staufen staining in relation to the nu-
cleus was further supported by phase analysis of cell images
stained with a FITC-conjugated secondary antibody and pro-
pidium iodide which targets the nucleus. Fig. 2D clearly shows
the FITC staining to be apical compared to the nuclear propi-
dium iodide staining.
Fig. 3. Co-localisation studies of Staufen and calnexin in unpolarised Caco-2 cells. Cells were stained with both anti-calnexin antibody and FITC-
linked goat anti-mouse IgG, and anti-Staufen antibody and a rhodamine-linked goat anti-rabbit IgG. The green FITC staining shows calnexin
localisation (A and D) and the red rhodamine staining is Staufen (B and E), and C and F show the images with the signals merged. On the confocal
microscope xy (A–C) and xz (D–F) sections were taken through the cell. From this a cytoﬂuorogram was produced (G).
Fig. 2. Staufen and Na/K ATPase distribution in polarised Caco-2 cells. Cells were subjected to immunocytochemistry with either anti-Staufen
antibody (A–E) or anti-Na/K ATPase antibody (F) and FITC-linked goat anti-rabbit IgG (green staining). Red colour shows propidium iodide
staining of the nucleus. On the confocal microscope z sections were taken through the cell showing apical (A), middle (B) and basal (C) staining. A
representative xz section can be seen in (E) and the z series was used to produce a phase analysis graph (D) in which sections 1–16 were apical to
basal, respectively. There is strong staining of Staufen in the apical section but less in the middle section and none in the basal, as also shown in the xz
section. Na/K ATPase staining was present in basolateral regions, as shown in xz section (F).
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Fig. 4. Co-localisation studies of Staufen and calnexin in polarised Caco-2 cells. Cells were stained with both anti-calnexin antibody and FITC-
linked goat anti-mouse IgG, and anti-Staufen antibody and a rhodamine-linked goat anti-rabbit IgG. The green FITC staining shows calnexin
localisation and the red rhodamine staining is Staufen. On the confocal microscope z sections were taken through the cell showing apical (A), middle
(B) and basal (C) staining and from these a cytoﬂuorogram was produced (G). A representative xz section can be seen in (D)–(F) with green FITC
staining showing calnexin localisation (D), red rhodamine staining showing Staufen (E), and an image with the signals merged (F).
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the basolateral protein marker Na+ K+ ATPase showed baso-
lateral staining, indicating both that, at this stage of culture,
the Caco-2 cells were fully diﬀerentiated and that sites on the
basolateral membranes were available to antibodies (Fig. 2F).
3.3. Co-localisation studies of Staufen and calnexin
In neurones, Staufen has been shown to co-localise with the
rough endoplasmic reticulum (RER) [17]. To investigate co-
localisation in the intestinal cells, the Caco-2 cells were doubly
stained with antibody to Staufen and an antibody to calnexin,
a marker of the RER [22]. The confocal images of the undiﬀer-
entiated cells (Fig. 3A–F) showed the calnexin staining pat-
terns to be similar to those of Staufen with considerable co-
localisation. This was conﬁrmed by the cytoﬂuorogram of
these images which appeared yellow in the centre of the graph.
However, there appeared to be areas where Staufen155 did not
co-localise with the calnexin (red staining, Fig. 3C, F) and this
was also evident in cytoﬂuorogram which showed red staining
towards the y-axis, indicating some Staufen155 was not
co-localised with calnexin (Fig. 3G).
Calnexin and Staufen double staining of the diﬀerentiated
intestinal cells (Fig. 4A–F) showed both proteins to be distrib-
uted apically. Almost no ﬂuorescence was observed towards
the basolateral membrane. As in the unpolarised cells, confo-
cal analysis showed considerable, but not total, co-localisation
of the two proteins. This partial co-localisation was conﬁrmed
by the cytoﬂuorogram (Fig. 4G).4. Discussion
The present data demonstrate, on the basis of Western blot-
ting and immunocytochemistry, that the RNA-binding protein
Staufen155 is expressed in the Caco-2 intestinal epithelial cell
line. These observations are consistent with the previous obser-
vation that Staufen1 mRNA is expressed in diﬀerentiated gas-
tric epithelial cells [21]. In addition, the present observations
show that the distribution of the Staufen155 is polarised in dif-
ferentiated Caco-2 cells such that it is present in the apical re-
gion of the cell and not in the basolateral regions. This
demonstrates an asymmetric distribution of a component of
the cell RNA localisation machinery in polarised intestinal epi-
thelial cells.
In neurones and ﬁbroblast cells, Staufen has been reported
to be associated with the RER [15,17]. In this study Staufen155
showed some co-localisation with the RER marker protein
calnexin indicating that in unpolarised and polarised Caco-2
cells a proportion of Staufen1 is present on the ER, largely
in the apical cytoplasm in the polarised cell monolayer. Thus,
the data not only extend to intestinal epithelial cells the obser-
vation that some Staufen is associated with the RER, but also
indicate that in these cells a proportion of Staufen is not asso-
ciated with the RER. This is consistent with the suggested gen-
eral function for Staufen in transport/localisation of a range of
mRNAs [15] and suggests that Staufen is involved with trans-
port of mRNAs to both the RER and other speciﬁc cytoplas-
mic locations.
2230 H. Gautrey et al. / FEBS Letters 579 (2005) 2226–2230Polarised enterocytes possess an asymmetric protein distri-
bution such that the apical and basolateral membranes diﬀer
in protein composition. It has been well documented that sort-
ing mechanisms exist both within the trans-Golgi network so
that proteins are sorted into vesicles that go to the two diﬀerent
membranes and at the level of the plasma membrane [23,24].
However, recently it has been demonstrated that not only
are proteins sorted and sent to the diﬀerent membranes, but
also certain speciﬁc mRNAs are localised within polarised
enterocytes. In particular, mRNA encoding the lactase–phlori-
zin hydrolase and sucrase–isomaltase, which are apical plasma
membrane proteins, have been shown to be localised to the
apical region of enterocytes [4–7]: sucrase–isomaltase mRNA
has also been shown to localise to the apical region of polar-
ised Caco-2 cells [6]. The present data extend these previous
observations by showing that Staufen155, a RNA-transport
protein, is distributed apically in polarised intestinal epithelial
cells.
It is likely that Staufen155, as a dsRNA-binding protein in-
volved in mRNA localisation in a number of other cell types,
is involved with the mRNA localisation in enterocytes. Our
hypothesis is that localisation of mRNAs such as lactase–phlo-
rizin hydrolase and sucrase–isomaltase to the RER in the api-
cal region of the polarised enterocyte involves Staufen155. The
localisation of these mRNAs close to the apical surface would
produce local synthesis of the protein and may assist in the
insertion of the protein into the apical membrane via localised
RER. This would provide a second mechanism, in addition to
protein sorting in the Golgi [23,24] by which the cell is able to
distribute proteins asymmetrically to the two membranes. Fur-
ther experiments will determine if the observed asymmetric dis-
tribution of Staufen155 in Caco-2 cells drives cell polarisation
and diﬀerentiation or is a result of these changes.
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